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I. INTRODUCTION 

This report describe8 the research results obtained in the 

period from May 15, 1986 to January 14, 1987 supported by NASA 

under Grant No. NAGW-319. In this period, the photoabsorption 

and fluorescence cross sections of HC1 and H2CO measured previ- 

ously were published in a scientific journal. The photoabsorp- 

tion and fluorescence cross sections of H20, D20, H2S, D2S, and 

CO in the 50-200 nm region were measured in this period. These 

quantitative data are currently needed for the determination of 

the formation and deetruction rate8 of molecules in the inter- 

stellar medium. The accomplishment in this reeearch period is 

summarized below. 

11. RESEARCH ACCOMPLISHED 

A. Photoabsorption and Photodissociation of HC1 and H7Ca 

The photoabsorption and fluorescence cross sections of the 

interstellar molecule, HC1, were measured in the 106-185 nm 

region. Sharp absorption bands appear at wavelengths shorter 

than 135 nm, however, the fluorescence cross sections for the 

absorption bands are generally very small, indicating that the 

excited states of HC1 are strongly predissociative. Therefore, 

the photodissociation section is essentially equal to the photo- 

absorption cross section. The photodissociation rate of HC1 by 

the interstellar radiati~n field cap. thus be calculated from the 

photoabsorption cross section measured. The results for the HC1 

measurement is summarized in a paper entitled "Quantitative 
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photoabsorption and fluorescence study of HC1 in vacuum ultra- 

violet." This paper is attached as Appendix A, which has been 

published in the Journal of Chemical Physics. 

The photoabsorption and fluorescence croes sections of the 

interstellar molecule, HzCO, were measured in the 105-180 nm 

region. The VUV fluorescence produced from photoexcitation of 

H2CO was dispereed and identified to be the CO(A-X) emission 

system. Fluorescence from the HCO photofragment was also 

observed at excitation wavelength shorter than 147.5 nm. No 

fluorescence from the H2CO molecule was detected. The VUV 

excitation of H2CO thus presumably leads to dissociation, namely, 

the photodissociation croes section is equal to the photoabsorp- 

tion cross section. The photodissociation rate of H2CO by the 

interstellar radiation field can thus be calculated from the 

photoabsorption croes section meaeured. The result for the H2CO 

measurement is described in a paper entitled "Fluorescence from 

VUV excitation of formaldehyde." This paper has been published 

in the Journal of Chemical Physics which is attached as Appendix 

B. 

B. Photoabsorption and Photodissociation of H70 and D 7 Q  

A windowless apparatus was constructed in thie funding 

period and used to measure the photoabsorption and fluorescence 

croes sections of molecules in the extreme ultraviolet region. 

E20 end D20 were the molecules first chosen for this type of 

measurement. The oecillator strengths and the fluoreecence 

quantum yields in the 50-190 nm region were determined from the 
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photoabsorption cross sections measured. The results were 

summarized in a paper entitled "Quantitative photoabsorption and 

fluorescence study of H20 and D20 at 50-190 nm." This paper has 

been published in Chemical Physics which is attached as Appendix 

C. 

C. Photoabsorption and Photodissociation of H7S and D2S_ 

The windowless apparatus was also used to measure the 

photoabsorption and fluorescence cross sections of H2S and D2S in 

the 49-240 nm region. Fluorescence from photoexcitation of H2S 

appears at 49-97 nm, but not in the longer wavelength region. 

Fluorescence spectra were dispersed and used to identify the 

emitting species to be HzS*(X), SHt(A), and H(n>2). No emission 

from the H2S molecule itself was detected, indicating that 

excitation of H2S by VUV excitation leads to dissociation. Thus, 

the photodissociation rate of H2S by the interstellar radiation 

field can be calculated from the photoabsorption cross section 

measured. The calculation of photodissociation rate will be 

reported in the next funding period. 

The reeults for the meaeurements of H2S and D2S have been 

summarized in a paper entitled "Quantitative photoabsorption and 

fluorescence spectroscopy of H2S and D2S at 49-240 nm," which is 

attached as Appendix D. This paper ha8 been accepted for publi- 

cation in the Journal of Chemical Physics. 

D. Photoabsorption Cross Section of CO 

The photoabsorption cross section of CO was measured in the 

88-101 nm region as shown In Fig. 1. A Ti thin film was used to 

5 



4 

I I I I I i i 

0 , 
0 
c 

0 u 
4-1 
0 

c 
0 

6 



cut-off the second-order light. Small photoabsorption cross 

section appears in the continuum region of 101-105 nm, however, 

the experimental uncertainty was very large. The photoabsorption 

cross section will be remeasured again in the next funding 

period. The photoabsorption cross section in the 91.2-110 nm 

region is currently needed for determining the photodissociation 

rate of CO in interstellar diffuse clouds as well as for 

calculating the penetration depth of VUV interstellar radiation 

into dense clouds. 
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Appendix D 

Quantitative Photoabsorption and Fluorescence SpeCtrOscOpy 
of H2S and D2S at 49-240 nm 

L. C. Lee,a) XiUyan Wang, and Masako Suto 

San Diego State University 
San Diego, California 92182 

Department of Electrical f Computer Engineering 

ABSTRACT 

Photoabsorption and fluorescence cross sections of H2S and 

D2S were measured in the 49-240 nm region using synchrotron 

radiation as a light source. Fluorescence from photoexcitation 

of H2S appears at 49-97 nm but not in the longer wavelength 

region. Fluorescence spectra were dispersed, and used to 

identify the emitters to be HzS+(Z), SH+(A) and H(n>2). The 

fluorescence quantum yield is about 6%. Photoexcitation of D2S at 

49-96 nm produces fluorescence with a quantum yield of about 5%. 

The emitters are identified from the fluorescence spectra to be 

DzS*(:), SDt(A), and D(n>2). The Franck-Condon factors for the . 

. SH* and SD+ (A-X) transitions were determined. The SD(A-X) 

fluorescence was observed from photoexcitation of D2S at 100-151 

nm, for which the fluorescence cross section and quantum yield 

were measured. 

a) Also, Department of Chemistry, San Diego State University 
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I. INTRODUCTION 

The photoabsorption process of H2S has been extensively 

investigated,l'lO but little is known about the photodissociation 

The valence procese in the vacuum ultraviolet (VUV) region. 

electronic orbitals of H2S are similar to those of H20, so they 

would be expected to have similar photodissociation processes. 

Since VUV excitation of H20 produces OH(A2C + - X2n 1 

fluorescence,ll it would be expected that photoexcitation of H2S 

would produce SH(A2C+ + X2X) fluorescence. However, the SH(A-X) 

fluorescence was not detected.12 This negative result has been 

explained by the observationl3-15 that SH(A) is highly 

predissociative because the lifetime of SH(A) is very short 

(<!5 ns). On the other hand, the lifetime of SD(A) is about 190 

ns;13, l4 thus, SD(A) is not highly predissociative, and VUV 

photoexcitation of D 2 S  may produce SD(A-X) fluorescence. The 

observation of such fluorescence is reported in this paper. 
rJ 

Fluorescence from the H ~ S + ( ~ ~ A ~ - X ~ B I  system has been 

observed by a controlled-low-energy electron excitation of H2S 

and the fluorescence spectrum has been analyzed.16'17 Recently, 

Ibuki.18 dispersed the fluorescence spectra produced from 

photoexcitation of H2S by the Ne1 (73.6 nm) and He1 (58.4 nm) 

resonance lines. For the Ne1 excitation, fluorescence is mainly 

from the excited HzS+(i) ion, and for the He1 excitation, 

additional fluorescence fro% the excited H(n>2) atoms i8 

observed. The fluorescence spectra produced at other VUV lines 

are investigated in this experiment. In addition to the H2S+(;) 
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and H(n>2) fluorescence, we also detected SH+(A-X) fluorescence 

from dissociative photoionization of H2S, which was not detected 

by Ibuki.18 

Similar to H2S, fluorescences from the excited D2S+, SD+ and 

D(n>2) species were observed from photoexcitation of D2S. The 

abeolute fluorescence cross section and quantum yield for both 

H2S and D2S were measured. The Franck-Condon factors for both 

t h e  SH+(A-X) and SD+(A-X) systems were determined from the 

fluorescence spectra. 

In addition to being of fundamental interest, the 

quantitative spectroscopic data of hydrogen sulfide are useful 

for the study of photochemistry occurring in the interstellar 

medium and the earth's upper atmosphere. Since H2S is abundant 

in the interstellar medium,19t20 the cross sections for various 

photoexcitation processes are needed to determine the destruction 

rate of H2S by the interstellar radiation field. A significant 

amount of H2S can be released from volcanoes and biogenic sources 

into the earth's atmosphere and the solar photodissociation rate 

of H2S is needed for the atmospheric modeling.21p22 

11. EXPERIMENT 

A. Synchrotron Radiation Experiment 

Synchrotron radiation produced from the electron storage 

ring c;f the University of Wisconeir. was used to measure the 

photoabsorption and fluorescence crose sections. The 

experimental setup has been described in previous papere.llp23 
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In brief, synchrotron radiation was dispersed by a 1-m Seya 

vacuum monochromator with a grating blazed at 120 nm. The gas 

cell was 63.5 cm long with a 3.5 cm ID. Fluorescence was 

monitored by a photomultiplier tube (PMT, EM1 9558QB) sensitive 

in the 185-800 nm region In a direction perpendicular to the 

light beam. For wavelengths longer than 105 nm, a L I F  window was 

used to separate the gas cell from the high vacuum monochromator. 

For wavelengths shorter than 105 nm, a porous window that had a 

50% transmission for all wavelengths was used. Intensity of the 

second-order light was measured from the absorption and 

fluorescence spectra of N2 under the same experimental 

conditions. The effect of the second-order light was corrected 

in the data analysis. The correct procedure has been described 

in a previous paper.23 Measurements were performed at room 

temperature, 22OC. Light source intensity, electron beam 

current, gas pressure, and fluorescence intensity were 

simultaneously monitored and analyzed by an IBM-XT microcomputer. 

H2S was supplied by Matheson with a purity better than 

99.5%. D2S was supplied by Merck with a D-atom of 99.2%. The 

gases were used as delivered. Gas pressure was monitored by an 

MKS Baratron manometer. 

B. Dispersinq Fluorescence Experiment 

The experimental setup for dispersing the fluorescence was 

essentially the 8ame as that described in the earlier 

papers. 23, 24 In brief, a capillary-condensed discharge light 

source was used to produce intense atomic emission lines in the 

4 



40-150 nm region. Each emission line was isolated by a 1 - m  

vacuum monochromator (McPherson 225) with a grating blazed at 80 

nm. The discharge light source was differentially pumped and 

separated from the high vacuum monochromator by a porous window 

with a transmittance of 50%. The light source entered a gas cell 

of 5 inch length and 3 inch ID through a narrow slit (no window 

between the gas cell and the vacuum monochromator). Fluorescence 

was dispersed by an 0 . 3 - m  monochromator (McPherson 218) and 

detected by a PMT (EM1 9558QB). The signal was processed by an 

ORTEC counting system. 

111. RESULTS AND DISCUSSION 

A. H 2 S _  

1. Photoabsorption Cross Section and Oscillator Strenqth 

The photoabsorption cross section of H2S is shown in Figs. 

1-3. The data were taken with monochromator resolutions of 0.2, 

0.04 and 0.3 nm for the wavelength regions of 49-106, 106-160, 

and 160-240 nm, respectively. The uncertainty was estimated to 

be within 10% of the given value. Data in the 55-103 nm region 

agree very well with the results reported by Ibuki et al.10 In 

the 120-160 nm region, the absorption spectrum shows sharp 

structures as observed in the earlier spectra. 1, 2, 7 The 

absorption cross section for a sharp band depends on the 

monochromator resolution. The currefit cross sections for the 

absorption structures are different from the data of Watanabe and 
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Jura,l although they agree very well for the absorption continuum 

at 160-210 nm. 

The current absorption cross section was measured at low gas 

pressures so that the saturation of absorption at a rotational 

line was avoided and the measured cross section could be used to 

calculate the oscillator strength that did not depend on 

monochromator bandwidth. The method for calculating oscillator 

strength from the measured absorption cross section has been 

described in an earlier paper.25 Oscillator strengths and 

integrations of absorption crosB sections for various wavelength 

regions are listed in Table I. The measured oscillator strength8 

are useful for comparison with theoretical calculations.9t26r27 

The oscillator strength for the absorption continuum at 161-240 

nm measured in this experiment is 0.0542. This value is 

comparable with the calculated values of 0.0759 and 0.06.26 

The absorption bands in the 120-240 nm region have been 

assigned4, G r  ar 29 to the Rydberg states converging to the first 

ion state X(2bl-1) at 118.46 nm. 7,8 The Rydberg assignment given 

by Masuko et al.7 is indicated in Fig. 2. The intense atomic- 

like (2bl + nd) Rydberg series was observed by Baig et a1.8 up 

to n=26. They attributed the anomalously weak intensity for the 

n=9 and 10 members to interchannel interactions between this 

Rydberg series and some Rydberg states converging to the second 

ion state, A(5al-1). The weak strlclctures shown in the 90-120 nm 

region have been a a ~ i g n e d 1 ~ ~ 3 ~  to the vibrational levels of 

Rydberg series converging to the A ion state. 

rc) 

& 

- 
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The 5ai + 4s Rydberg transition has been calculated by Shih 

et a1.26 to be a relatively broad band around 132.0 nm with an 

oscillator strength of 0.11- This Rydberg transition was 13180 

calculated by Rauk and Collins9 to be around 130.0 nm with an 

oscillator strength of 0.1729. Using the ionization potential of 

the Sal orbital, Robin4 estimated the vertical energy of the Sal 

-+ 4s transition to be 72000 cm'l (139 nm). In summary, the 

Rydberg transition is expected to be in the 125-145 nm region. 

The oscillator strength for the absorption continuum in this 

wavelength region (see Fig. 2) I s  about 0.18, which is close to 

the theoretical calculations.9'26 These results suggest that the 

Sa1 3 48 transition is indeed in the 125-145 nm region. 

2. Fluorescence Cross Section and Quantum Yield 

Fluorescence was observed from photoexcitation of H2S at 

wavelengths shorter than 97.0 nm. The absolute fluorescence 

cross section wae determined by comparing fluorescence intensity 

with the N2+(B-X) fluorescence produced from photoexcitation of 

N 2  at wavelengths shorter than 66 nm for which the fluorescence 

cross section is known.31 The PMT response was corrected using 

the fluorescence spectrum dispersed in this experiment. The 

fluorescence was essentially produced from the H2S+ (z), SH+ ( A 1 

and H(n>2) excited species as discussed in the next section. The 

fluorescence cross section is shown in Fig. lb. The experimental 

uncertainty wae estimated to be within 30% cf the giveii value. 

Fluorescence starts to appear at 97.0 nm. The cross section 

increases to about 3 Mb (1 Mb = cm2) at 93.0 nm and then 
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decreases with decreasing wavelength to about 1 Mb at 49.0 nm. 

The fluorescence cross section measured by Ibukil8 at 73.6 nm is 

about 1 Mb, which is smaller than the current value by a factor 

of 2. The agreement is eatisfactory, if both experimental 

uncertainties are considered. 

The fluorescence quantum yield calculated from the ratio of 

fluorescence croBs section to absorption C ~ O S S  section I s  shown 

in Fig. 4. The yield starts to appear at the ( O , O , O )  vibrational 

level of HZS+(Z). The wavelengths for the vibrational levels 
given by Karlsson et a1.5 are shown in Fig. 4. The fluorescence 

yield is nearly constant of about 6% at wavelength8 shorter than 

the v2=5 level. The constant fluorescence yield indicates that 

contribution from the vibrational levels higher than 112'5 is very 

small. Dixon et al.16 have observed that many predicted branches 

at high v2 values are absent from the optical emission spectrum, 

indicating that predissociation may occur. Their observation is 

supported by the current result. 

The H2S+(Z, v2>5) ions may predissociate into H2+S+ for 

which the threshold is at 92.7 nm.16 Eland33 has shown in the 

photoelectron-photoion coincidence experiment that the v2=5 level 

does not predissociate, but the higher levels do. H2S+ may 

predissociate through the l4A" repulsive state.a4 The branching 

ratio for the production of H2S+(A) from photoionization of H2S 

at 56.4 r i m 3 5  is about 30%. This ratio is much larger than the 

rJ 

fluorescence yield of about 6%, indicating that the emission 

efficiency for the H2S+(A) state is not high. 
4 
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The HzS+(% lb~'~) ion state does not emit strongly, because 

the fluorescence yield does not increase significantly at the 

threshold of 84.7 nm5. This result is consistent with previous 

experimental 0bservationa~~~32~33 and theoretical calculation34 

that H2St predissociates into SHt+H through the 14A'repulsive 

state. 

For excitation wavelengths longer than 97 nm, the 

fluorescence intensity was too weak to be detected. This 

negative result was very surprising, because the OH(A-X) 

fluorescence was observed from photoexcitation of H20 at 105-137 

nm,11 thus, the SH(A-X) fluorescence was expected to be 

observable if the lifetime of SH(A, v=O) is as long as 550 ne as 

measured by Becker and Haaks.36 The non-fluorescence result is, 

in fact, consistent with recent measurements that the lifetime of 

SH(A, v=O) is about 0.5-2 ne given by Tiee et al.I3, (322) ns by 

Friedl et al. 14, and (3.2k0.3) ns by Ubachs et al. 15 SH(A) 

decays mainly through predisaociation. Friedl et al.14 estimated 

that the fluorescence efficiency of SH(A, v=O) is in the 10-3-10-2 

range. If the production yield of SH(A) from photoexcitation 

of H2S in the VUV region is similar to that of OH(A) from H2011 

of about lo%, then the fluorescence yield will be in the 

10'4-10'3 range. This fluorescence yield is too small to be 

detectable in our experiment. 

Tiee et a l . 1 3  and Friedl et a l . 1 4  also measured the 

fluorescence lifetime of SD(A) to be about 190 ns. This lifetime 

is sufficiently long that the predissociation rate of SD(A) is 
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not high and the SD(A-X) fluorescence may have an observable 

intensity. This expectation motivated us to study the 

photoexcitation process of D2S. Since D2S is isoelectronic with 

H2S, a comparison between their photoexcitation processes is also 

of interest. 

3. H?S+(A-X) and H Balmer Fluorescence 
..&4 

The fluorescence produced by photoexcitation of H2S was 

dispersed to identify the emitting species. The fluorescence 

spectra produced at the excitation wavelengths of 70.0, 84.4, and 

92.3 nm are shown in Figs. S(a), 5(b), and 5(c), respectively, 

where the monochromator reeolution was 2 nm. Wavelength 

posikions for the three sub-bands of the H ~ S + ( ~ ~ A I  - X2B1) 
systeml6-18 are indicated in F i g .  5 to identify the fluorescence 

N 

spectra. At 92.3 nm, the photon energy is just high enough to 

photoionize H2S into the H2St (A, v2=6 1 vibrational level, 16, 17 

which is the highest level shown in Fig. 5(c). For wavelengths 

rJ 

shorter than 91.5 nm, it is energetically possible to produce the 

V 2 > 7  levels. However, only emission from v2<7 levels appears at 

70.0 and 84.4 nm as shown in Figs. 5(a) and 5(b), respectively. 

The lack of fluorescence Indicates that the v2>7 levels are 

predissociative.16'18 

The H(n>2 4 n=2) Balmer series is expected to be produced 

from the SH(X) + H(n>3) process at wavelengths shorter than 77.5 

nm, for which the thresholds are listed in Teble 11. The H 

fluorescence produced at 70.0 nm is quite weak, but it is strong 

at 55.5 nm as shown in Fig. 6. At the shorter excitation 

10 



wavelengths, the H-Balmer series could be produced by the 

S+H(l)+H(n) process, for which the thresholds are also listed in 

Table 11. The dissociation energies of Do(SH-H)=3.91 eV37 and 

Do(S-H)=3.55 eV38 as well as the excitation energies of H(n) 

given by Moore39 were used for the threshold calculations. 

4. SH+(A-X) Fluorescence 

As shown in Fig. 6, SH+(A31I + X31 - 1  fluorescence is also 

produced when H2S is excited at 55.5 nm. This SH+ fluorescence 

was not observed in the Ibuki's experiment18 using the He1 (58.4 

nm) line, although this line has a sufficient energy to produce 

the fluorescence. In our experiment, however, the SH+(A-X) 

emission does appear in the fluorescence spectrum when H2S is 

excited at 58.6 nm. The negative result in Ibuki's experiment 

may have been due to low detection effiency in the UV region. 

The rotational emission spectrum of the SH+(A, v'=O 3 X, 

v"=O,l) transition has been analyzed by Rostas et al.40 The 

rotational emission from SH+(A, v'=l) is very weak40 and it does 

not appear in Fig. 6. The decomposition of SH+(A, v'=l) into the 

S+ ion has been observed in the laser excitation experiment.41 

These results indicate that SH+(A, v'=l) is predissociative. In 

contrast to the weak e m i e s i o n  for SH+(A, v'=l), the SD+(A, v'=l) 

level has a substantial emission intensity a8 discussed in the 

next section. 

The SH+(A-X) fluorescence intensity at 55 .5  nm is about 10% 

of the total intensity, where the response of the detection sys- 

tem is corrected. Taking the total fluorescence cross section at 
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55.5 nm to be 1.6 Mb as shown in Fig. 1, the fluorescence cross 

section for SH+(A-X) is about 0.16 Mb. The fluorescence spectrum 

can be used to determine the Franck-Condon factor.24 If the 

transition moment is assumed to be constant, then the Franck- 

Condon factors for the SH+(A, v ‘=O --+ X, v”=O and 1) transitions 

are determined to be 1 : 0.39. 

B. D7S_ 

1. Photoabsorption Cross Section and Oscillator Strenuth 

The photoabsorption cross sections of D2S in the wavelength 

regions of 49-105, 105-160, and 160-240 nm are shown in Figs. 

7 , 8 ,  and 3b, for which the resolutions are 0.2, 0.04 and 0.1 nm, 

respectively. The experimental uncertainty is estimated to be 

within 10% of the given value. The absorption spectrum of D2S is 

very similar to that of H2S, except for some differences 

discussed below. 

The vibrational and rotational spacings of D2S are generally 

smaller than those of H2S, because the D atom is heavier than H. 

In the 120-160 nm region, the absorption structures of 

D2S are sharper than those of HzS, which may be due to the 

rotational spacing of D2S being smaller than that of H2S. This 

phenomenon of concentrated rotational lines is obviously 

illuetrated in the 140 nm band of D2S that does not show the 

rotational structure, but the corresponding band of H2S at 139 nm 

shows three rotational brafiches. The rotational structure 

observed in the absorption spectrum of H2S is generally not 

observed in D2S. 
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The absorption bands of D 2 S  in the 120-160 nm region are 

Rydberg transitions, similar to those of H 2 S .  The oscillator 

strength and the integration of absorption cross section over 

wavelength were calculated from the measured absorption cross 

section, and the result6 are listed in Table 111. Very little 

data exist for comparison. 

Vibrational structure is observed in the absorption spectrum 

of H 2 S  at 180-210 nm (Fig. 3a). The vibrational structure 

becomes more prominent in the absorption spectrum of D2S (Fig. 

3b). The average vibrational frequency is about 1187 cm’l for 

H2S and 853 cm-I for D2S. These frequencies are slightly higher 

than the values3 of 1118 and 822 cm-1 respectively, as given by 

Thompson et a1.3 They attributed these frequencies to the V 2  

vibrational mode. The absorption continuum9,26 in this 

wavelength region consists of a Rydberg transition (2bl 3 4s) 

and a valence transition (2b1 --* O * ) .  It is likely that the 

vibrational structures are caused by the Rydberg states, because 

the vibrational frequencies are very close to the v 2  

frequencies17 of the ?(2B1) ion state, which are 1164.65 and 

841.4 cm-1 for H 2 S +  and D2S+, respectively. The core electronic 

configuration of a Rydberg state is usually similar to that of 

the converging ion state, so the vibrational frequencies of both 

the Rydberg and ion states are expected to be similar. The 

observsd vibrational frequencies are also close to the values17 

of the ground state, X(lA1), which are 1188.40 and 859 cm-1 for 

H 2 S  and D2S, respectively. Recently, Engel et al. 42 calculated 

N 
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the absorption cross section of H20 in the 150-185 nm region and 

found that the vibrational structure superimposed on the 

absorption continuum is inherent with the potential surface of 

the'HaO(A lBl) state. Similar case may occur in H2S, for which 

the theoretical calculation is of interest.43 

2. D?S+(A-X) and D Balmer Fluorescence 

N 

d 4  

A s  shown in Fig. 7b, fluorescence from photoexcitation of 

D2S appears at wavelengths shorter than 96.2 nm. The 

fluorescence cross section ha6 a maximum value of 3.5 Mb at 92.0 

nm and then decreases to about 0.9 Mb at 49 nm. The fluorescence 

spectra produced from photoexcitation at 70.0, 84.4, and 92.3 nm 

are shown in Fig. 9. Similar to H2S, the fluorescence is 

identified to be the D2St(A-X) system, for which the wavelength 
n r N  

positions of the (0, v2',O - 0, v2", 0) Vibrational transitions 

assigned by Dixon et al.I6 are indicated in Fig. 9. At 92.3 nm, 

the highest vibrational level that emits I s  v 2 * = 8  as shown in 

Fig. 9. By subtracting the excitation energy (2.95 eV) of the 

A (0,8,0 ) -X( 0, 0 , O )  transition16' l7 from the excitation photon 
N & 

energy of 92.3 nm (13.43 eV), the potential energy for the 

D2St (XI ion state is 10.48 eV. This value is slightly higher 
/v 

than the ionization potential energy of 10.2 0.2 eV measured by 

Dibeler and Rosenstock.44 By subtracting the vibrational energy 

of 0.64 eV16r17 from the excitation photon energy, the potential 

energy of D2St(A) is determined to be 12.79 PV. The highest 

emitting vibrational level is v2=10.  Similar to H2S+($), the 

rcr 
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vibrational levels higher than this level are likely predissocia- 

tive. 

The fluorescence quantum yield in the 49-100 nm region is 

shown in Fig. 10. The threshold at 96.2 nm corresponds to the 

( O , O , O )  ground vibrational level of D2S+(A). The potential 

energies of the (O,v2,O) vibrational levels given by Duxbury et 

al.17 are indicated in Fig. 10. The fluorescence yield at 

wavelengths shorter than the v2=9 level is essentially a constant 

of about 5Y., indicating that contribution from the higher 

4 

vibrational levels is small. The high vibrational levels of 

D2S+(A) predissociate into D2+S+ at a threshold of 13.43 eV35, 
d 

for which the wavelength position is indicated in Fig. 10. The 

D2S+(B) state may have a small fluorescence yield, because the 

yield does not increase at its threshold of 85 nm.35 

c, 

Similar to H2S, excitation of D2S in the 49-75 nm region 

produces significant D(n>2 4 n=2) Balmer series emission. The 

fluorescence spectra produced at 55.5 and 70.0 nm are shown in 

Fig. 11. The Balmer series produced at 70.0 nm are much smaller 

than that at 55.5nm, indicating that they are most likely 

produced from the S+D(l)+D(n) process, for which the threshold 

energies are listed in Table 11. The thresholds were calculated 

from the dissociation energies of Do(SD-D) = 4.40 eV (obtained 

from this experiment as discussed in the next section) and Do(S- 

I)) = 3.60 eVZ8, as well as the excitation energies of D(n) given 

by Moore.39 
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3. SD+(A-X) Fluorescence 

The SD+(A311 -X3Z - 1  fluorescence from photoexcitation of D2S 

at 55.5 nm is shown in Fig. 11. The SD+(A-X) syetem has been 

analyzed by Rostas et a1.40 In addition to emission from the 

v'=O level, the v'=l level also emits as shown in Fig. 11, 

indicating that the v'=l level of SD+(A) does not predissociate 

as severely as that of SH+(A). Fluorescence intensity for the 

SD+(A-X) system is about 1 9 X  of the total fluorescence intensity, 

where the response of the detection system is corrected. The 

total fluorescence cross section at 55.5 nm is about 1.6 Mb (see 

Fig. 71, implying that the cross section for the SD+(A-X) system 

is about 0.3 Mb. If the traneltion dipole moment is assumed to 

be a constant, then the Franck-Condon factors for the v'=O --* 

v"=O, 1, and 2 transitions of the SD+(A-X) system determined from 

the fluorescence spectrum are 1 : 0.71 : 0.20, respectively. 

4. SD(A-X) Fluorescence 

Since the fluorescence lifetimel3'14 of SD(A) is quite long, 

the SD(A-X) fluoreecence is expected to be observable. The 

origins for the (0,O) and ( 1 , O )  vibrational transitions of SD(A- 

X)  are 325.0 and 309.8 nm, respectively.45,46 As expected, 

fluorescence appears in t h e  116-154 nm region as shown in Fig. 

12, where both absorption and fluorescence cross sections were 

measured at a resolution of 0.1 nm. The absolute fluorescence 

cross eection vas obtained by comparing the SD(A-X) fluorescence 

intensity with the OH(A-X) intensity produced from 

photoexcitation of H20, for which the fluorescence cross section 

16 



is known.ll The uncertainty for the fluorescence cross section 

is estimated to be within 30% of the given value. 

The fluorescence cross section near the threshold is very 

small, where the excitation function is enlarged as shown in the 

upper right-hand corner of F i g .  12. The threshold wavelength is 

at 151.0 2 0.1 nm. This threshold can be used to determine the 

dissociation energy at room temperature to be 4.40 2 0.01 eV, 

where the excitation energy of SD(A) of 3.81 eV38,45 is used in 

the calculation. This dissociation energy which is smaller than 

the value of 4.63 eV determined from the thermochemical data.47 

A 6  shown in Fig.12, the fluorescence cross section shows a 

structure closely correlated with the absorption structure; and 

the fluorescence yield at an absorption peak is higher than that 

at the underneath absorption continuum, as shown in Fig. 13. 

These results indicate that SD(A) is mainly produced from a 

predissociation process, which involves an interaction between a 

Rydberg state and a repulsive state that dissociates into SD(A). 

For a comparison, OH(A) is produced through an optically-allowed 

state, H20( BlAl). 48 
N 

The maximum fluorescence yield for SD(A-X) is about 0.8% as 

shown in Fig. 13. Considering the fluorescence efficiency14 of 

the SD(A) state to be 0.3 - + 0.1, the SD(A) production yield from 

photodissociation of D2S is about 4%. The SD(A) fluorescence 

drop8 sharply at 118.5 nm which corresponds to the first 

ionization threshold. Similar cases have been observed49 in H20 

17 



and D20 for which the fluorescence yields drop at ionization 

thresholds. 

A s  shown in Fig. 13, the fluorescence yield shows structure. 

This is quite different from the case= of H20 and D20, for which 

the fluorescence yields are relatively smooth. 49 The 

fluorescence quantum yield represents the Interaction strength 

between a Rydberg state and a repuleive state that leads to the 

production of SD(A). The yield provides useful information for 

determining the repulsive state. 

IV. CONCLUDING REMARKS 

The photoabsorption and fluorescence cross sections of H2S 

and D2S were measured in the 49-240 nm region. In the 49-92 nm 

region, the fluorescence quantum yields for the A-X system of 

H2St and D2St are about 6% and 5%, respectively. In contrast, 

the fluorescence intensities from the excited H20+ and D20+ ions 

are too weak to be observable in the same experiment. On the 

other hand, the fluorescence yields f o r  the A-X system of OH and 

OD by photoexcitation of H20 and D20 at 106-137 nm are quite 

large,11*47 when compared with those of SH and No emission 

is observed from the S H ( A )  that decays mainly through 

predissociation. 13, 14 

N I V  

SD. 

Recently, the Rydberg transitions of H2S and D2S have been 

extensively investigated by multiphoton ionization spectroscopy50 

and high resolution absorption spectroscopy.51 For the 117-153 

nm wavelength region, our absorption spectrum is very similar to 

18 



the high resolution absorption spectrum51 obtained by photograph 

plates at low gas pressures. These new results and our 

quantitative data provide additional information for a better 

underetanding of the photoexcitation process of the molecules. 
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TABLE I 

Integration of cross section over wavelength, /a ( A  )dA , and 
oscillator strength, f of H2S. 

Wavelenuth (nm) 

49.0-55.0 

55.0-91.0 

91.1-106.0 

106.0-109.0 

109.0-121.2 

121.2-121.8 

121.8-122.2 

122.2-123.3 

123.3-123.9 

123.9-124.5 

124.5-125.7 

125.7-126.2 

126.2-126.8 

126.8-128.7 

128.7-129.6 

129.6-130.8 

130.8-131.8 

131.8-132.5 

132.5-133.5 

133.5-138.5 

138.5-140.0 

140.0-141.7 

j 0  dX(Mb.nm) 

125 

1667 

726 

140 

425 

20.0 

7.3 

33.7 

11.6 

9.2 

47.6 

7.4 

12.7 

42.1 

47.6 

44.3 

21.2 

11.7 

32.8 

98.1 

96.6 

106.3 

f (10-3) 

522 

3484 

857 

137 

367 

15.3 

5.5 

25.3 

8.6 

6.8 

34.4 

5.3 

9.0 

29.1 

32.3 

29.6 

13.9 

7.6 

20.9 

60.1 

56.4 

60.6 
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Wavelennth (nm) 

141.7-144.0 

144.0-145.9 

146.0-147.0 

147.0-148.1 

148.1-149.5 

149.5-150.5 

150.5-151.2 

151.3-152.4 

152.4-153.2 

153.2-156.5 

156.5-159.3 

160.0-240.0 

TABLE I (continued) 

10 dX(Mb.nm) 

65.5 

24.9 

20.0 

0.7 

19*4 

21.8 

15.6 

24.4 

4.6 

36.3 

9.9 

181 

f (10-3) 

36.2 

13,4 

10.5 

4.5 

9.9 

10.9 

7.8 

12.0 

2.2 

17.2 

4.5 

54.2 
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TABLE I1 

Threshold energies and wavelengths 
process of H2S and D2Sa 

Process 

SH(X) + H(1) 

+ H(2) 

+ H(3) 

SH(A) + H(1) 

H + S + H(1) 

+ H(2) 

+ H(3) 

E (eV) 

3.91 

14.11 

16.00 

7.71 

7.66 

17.86 

19.75 

20.41 

20.72 

20.88 

4.40 

14.60 

16.50 

8.21 

8.00 

18.20 

20.09 

20.75 

21.06 

21.22 

for various dissociation 

X (nm) 

317.1 

87.9 

77.5 

160.8 

161.8 

69.4 

66.8 

60.7 

59.0 

59.4 

281.8 

84.9 

75.1 

151.0 

155.0 

68.1 

61.7 

59.8 

58.4 

58.5 
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TABLE I11 

Integration of cross section aver wavelength, /a (X)d  X , and 
oscillator strength,$, of D2S. 

Wavelenuth (nm) Jad ( Mb. nm f (10-3) 

49.0-55.0 111 461 

55.0-91.0 1779 3729 

91.1-106.0 768 905 

106.0-108.0 94.6 93.4 

108.0-119.0 407 361 

119.0-121.0 48.9 38. 4 

121.0-121.4 12.0 9.3 

121.5-122.1 20.2 15.4 

122.2-122.6 6.9 5.2 

122.6-123.5 29.6 22.1 

123.6-124.1 8.9 6.6 

124.2-126.6 68.4 49.2 

126.6-127.5 20.3 14.3 

127.5-128.4 23.1 15.9 

128.4-129.0 14.9 10.2 

129.0-129.8 47.1 31.8 

129.9-130.7 39.5 26.3 

130.7-133.2 54.4 35.2 

133.2-133.8 22.5 14.3 

133.8-135.8 106 64.3 

138.8-139.9 107 62.2 

139.9-141.7 108 61.2 

2 8  



' J  

Wavelenqth (nm) 

141.7-144.5 

144.6-146.7 

146.7-148.4 

148.4-149.4 

149.5-150.4 

150.4-152.5 

152.5-159.9 

160.0-240.0 

TABLE I11 (continued) 

/adA(Mb. nm) 

72.2 

23.6 

23.1 

15. a 
11.4 

49.9 

39.3 

189 

$ (10-3) 

39.9 

12.6 

12.0 

8.0 

5.7 

24.7 

18.4 

54.5 
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FIGURE CAPTIONS 

Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4 

Fig. 5. 

Fig. 6. 

(a) photoabsorption and (b) fluorescence cross sections 

of H2S in the 49-110 nm region. The resolution is 0.2 

nm. The cross sections are in units of Mb cm2). 

Photoabsorption cross section of H2S in the 106-160 nm 

region. The resolution is 0.04 nm. The wavelength 

positions for the Rydberg states and the ion state 

given by Masuko et al. are indicated. 

The photoabsorption cross sections of (a) H2S and (b) 

D2S in the 160-240 nm region. The resolution is 0.3 nm 

for H2S and 0.1 nm for D2S. The average vibrational 

frequencies are 1187 cm-1 for H2S and 853 cm’l for D2S. 

Fluorescence quantum yield for photoexcitation of H2S 

in the 49-100 nm region. The wavelength positions for 

the v 2  vibrational levels of H2S+(A) given by Karlsson 
4 

et al. are indicated. The thresholds for the produc- 

tion of H2S+(B) and H2+S+ are indicated. 
rJ 

Fluorescence spectra produced from photoexcitation of 

H2S at 70.0, 84.4, and 92.3 nm. The resolution is 2 

nm. The wavelength positions for the A(O,v2’,0)- 

X(O,v2”,0) system of H2S+ given by Dixon et al. are 

r 

/v 

indicated, 

Fluorescence spectra produced from photoexcitation of 

H2S at 55.5 and 70. C nm. The emission bands of SH+(A- 

X) and H Balmer series are indicated. 
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Fig. 7. (a) absorption and (b) fluorescence cross sections of 

D2S in the 49-110 nm region. The resolution le 0.2 nm. 

Fig. 8. Absorption cross section of D2S in the 105-160 nm 

region. The reeolutlon is 0.04 nm. 

Fig. 9. Fluorescence epectra produced from photoexcitation of 

D2S at 70.0, 84.4, end 92.3 nm. The wavelength 

positions of the DzS+(A-X) system given by Dixon et al. 
d c r  

are indicated. 

Fig. 10. Fluorescence quantum yield for photoexcitation of D2S 

In the 49-100 nm region. The wavelength positions for 

the v 2  vibrational levels of D2S+(A) given by Duxbury 

et al. and the threshold for the production of D 2 + S  

are indicated. 

Fig. 11, Fluorescence spectra produced from photoexcitation of 

D2S at 55.5 and 70.0 nm. The emission bands of SD+(A- 

X I  and D Balmer series are Indicated. 

Fig. 12. (a) absorption and (b) fluorescence cross sections of 

D2S in the 116-153 nm region. The fluorescence is the 

SD(A-X) band. The spectra in the 143-153 nm region are 

enlarged as shown In the upper right-hand corner. The 

resolution is 0.1 am. 

Fig. 13. The quantum yield of the SD(A-X) fluorescence produced 

from photodissociative excitation of D2S in the 116-144 

nm !region. The line is drawn for eye-guide. 
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